The purpose of this study was to investigate effects of N nutrition and water stress on stomatal behavior and CO2 exchange rate in wheat (Triticum aestivum L. cv Olaf). Wheat plants were grown hydroponically with high (100 milligrams per liter) and low (10 millgrams per liter) N.
Plants in both N treatments adjusted osmotically, although leaf water potential was consistently lower and relative water content greater for low N plants in the first half of the stress cycle. Leaf conductance of high N plants appeared greater than that of low N plants at high water potentials, but showed greater sensitivity to reductions in water potential as indicated by earlier stomatal closure during the stress cycle. The apparent greater stomatal sensitivity of high N plants was associated with a curvilinear relationship between leaf conductnce and leaf water potential; low N plants exhibited more of a threshold response. Trends in ICO2Iiwr throughout the stress cycle indicated nonstomatal effects of water stress on CO2 exchange rate were greater in high N plants. Although estimates of ICO2imT were generally lower in high N plants, they were relatively insensitive to leaf water potential-induced changes in leaf conductance. In contrast, IC02iwr of low N plants dropped concomitantly with leaf conductance at low leaf water potentials. Oxygen response of CO2 exchange rate for both treatments was affected less by reductions in water potential than was CO2 exchange rate at 2.5% 02, suggesting that CO2 assiiilation capacity of the leaves was affected more by reductions in leaf water potential than were processes related to photorespiration.
The general response of plants to water deficit stress is well known. Plant water status has typically been monitored by measuring tissue e'6. Decreased has been associated with de- creases in cell growth, protein synthesis, g, T, CER, photorespiration and dark respiration, and accumulation of ABA, proline, and soluble sugars (8, 9) . Prolonged water stress causes reduction in leaf area due to reduced leaf expansion and/or shedding of older leaves, and, for some plants, causes osmotic adjustment from the active accumulation of solutes by plant tissue (8, 20 sponses are similar to those involving water relations, suggesting that similar mechanisms may be affected by these two important variables of terrestrial plants. Of particular relevance to the present study is the positive correlation between g and tissue N content, although this response is not as consistent as the analogous one involving g and 4+ (1, 13-15, 21, 22) . Similar responses of CER to N nutritional-and At-induced changes in g have led some to speculate that there is a direct link between the two, possible through regulation ofg by photosynthetic intermediates (21) . However, interactions of 4' and N nutrition on stomatal response have also been reported (15, 22) and indicate that the effects may also be manifested through different mechanisms.
This study was undertaken to examine the effects of a slowly induced water deficit stress on g, CER, and water status for plants of 'Olaf spring wheat (Triticum aestivum L.) grown at two N levels. A potential problem with investigations in which interactions ofN nutrition and water stress are examined is the difficulty of imposing uniform water stress treatments; high N nutrition results in relatively large plants which deplete water from the root zone more rapidly than plants with lower N nutrition. Since different stress histories could have significant effects on a number of physiological mechanisms, including the capability to adjust osmotically (17) , the present study was designed to eliminate the confounding effect of N nutrition on stress history by growing plants in solution culture and imposing water stress with slow, incremental addition ofPEG-6,000. Measurements ofCER were conducted at both 2.5 and 21% 02 so that the combined water stress effects on photorespiration and 02 inhibition of carboxylation could be separated out from effects on CER.
MATERIALS AND METHODS Plant Culture. Caryopses of 'Olaf' spring wheat were germinated on moist filter paper in Petri dishes for 6 d. Seventy-two uniform seedlings were transferred to 6-L pots (6 seedlings per pot) containing a modified, aerated, half-strength Hoagland solution and placed in a growth chamber. Halfofthe pots contained 100 and the other half 10 mg N L' in the form of NH4NO3. The pH was maintained at approximately 6 the second measurement. The order in which the leaves were exposed to 02 levels was randomized. Transpiration and CER were calculated from the differences in component gases passing into and out ofthe chamber, the flow rate of the air and the leaf area within the chamber. Water vapor and CO2 were monitored by an EG&G3 digital humidity analyzer and a Beckman 865 IR gas analyzer, operated in the differential mode. Dessicators were positioned just prior to the IR gas analyzer sample and reference cells. The null and span calibrations of the IR analyzer were performed with the sample gas stream flowing through the gas analysis system so that concentration of CO2 in the air stream from drying sample air with a dew point of 15°C (incoming chamber air) was implicitly accounted for (1 1). Additional CO2 concentration resulting from drying chamber air with transpiring leaves was not corrected for, although this results in less than a 1% error in CER. Leaf conductance to water vapor an/ [CO21NT were calculated from equations 3 and 7 of Farquhdr and Sharkey (6) . Leaf conductance to CO2(g) was calculated by dividing water vapor conductance by 1.6. Ambient CO2 was assumed to be equal to CO2 exiting the cuvette from the exhaust port. Since outgoing chamber CO2 was not maintained constant, ambient C02, and therefore [CO]INT, were somewhat affected by CER. Measurements of CER on the first two measurement days are not presented because of problems with the IR gas analyzer on those days.
Plant Water Measurements. Immediately following gas exchange measurements, another midsection of a recently, fully expanded leaf was excised from the same plant and placed in a J. R. D. Merrill chamber psychrometer (model 83-13). Several hours later, after 4t had been determined by standard psychrometric technique, the psychrometer containing the plant tissue was frozen in liquid nitrogen. Three to 4 h later, X was determined. At the same time leaves were collected for psychrometric determinations, two or three fully expanded leaves were excised from the plant and cut into severl pieces for RWC determination (18) , and another leaf collected for N measurements. The leaf sections for RWC were weighed immediately after excision and then weighed again after floating on water in a closed beaker for 24 h. A final dry weight was determined after the leafsections had dried at 70°C to constant weight. N Determination. Leaf samples for total Kjeldahl N determinations (5) were dried at 70°C for 2 d and digested (16) .
Statistics. Daily mean treatment differences in traits presented in Figure I and Table I were tested by t tests in which the error term was averaged for both treatments. Throughout, regression lines were fitted through data by a least squares determination. Regression models were chosen on the basis of simplicity, fit, and distribution oferrors. Curvilinear models in Figures 4 and 6 were of the general form y = (a + b/x)-'. The remaining regression models were either quadratic, linear, or a combination of the two.
RESULTS
Water Relations. Additions of PEG to the nutrient solutions resulted in an increase of w.m from 0.03 to 1.95 MPa over the 24-d stress cycle (Fig. 1) . Leaf water potential fell from an initial value ofapproximately -0.5 to -2.35 MPa over the same period.
Although no daily significant differences in it were found between the treatments from increases in -v., there was a trend for lower + in the low N plants during the first half of the stress cycle. After the final set of measurements were taken at the end of the stress cycle on Evidence for the occurrence of osmotic adjustment from the slow stress cycle was found for both N treatments (Fig. 3) . According to Morgan (10) , bimodal relationships between In v and In RWC, such as those exhibited by both N treatments in Figure 3 , cannot be explained by the van't Hoff relationship, which would indicate a straight line. The most likely explanation is that an active accumulation ofsolutes (i.e. osmotic adjustment) occurs as is lowered, thereby increasing -v and maintaining water uptake capacity and RWC. In the present study, osmotic adjustment maintained RWC > 0.9 for Tr < 1.6 MPa (Fig. 1 (Table I) .
Gas Exchge Cracteristics. The relationships between CER and g as ' changed were linear and curvilinear for high and low N plants, respectively, such that no differences in CER were observed at g < 0.08 mol m-2 r'I, and progresvely geater CER occurred for high N plants at greater g (Fig. 4) . Gas exchange traits were plotted against g in Figures 4 and 6 not because the data indicated the traits were directly affected by changes in g, but rather to facilitate drawing distinctions between stomatal and nonstomatal effects on gas exchange (see "Discussion"). The data points with arrows pointing toward them identify measurements made 3 d following the stress cycle. Lower CER on the last measurement day than those predicted by the regression lines at comparable g, particularly for high N plants, suggests that changes in the relationships occurred from water stress.
Differences in CER of both N treatments due to 02 were greatest at high g (Fig. 4) Estimates of WUE at different g from water stress are given in Table II . Decreases in g from 0.17 to 0.05 mol m-2 s-' resulted in a drop in WUE from 7.6 to 5.4 mmol C mol' H20 for high N plants, and a slight increase in WUE for low N plants from 5.1 to 5.4. WUE was also affected by increases in the vapor pressure deficit which accompanied decreases in g. The increases in vapor pressure deficit were not due to changes in leaf temperature, but were the result ofnot adjusting incoming air dew point to maintain the dew point of exhaust air at a constant value.
DISCUSSION
The observation under adequate water supply that g of high N wheat plants appeared greater than that of low N plants (Fig. 1 ) is in agreement with previous investigations (1, 14, 15, 21) . Wong et al. (21) attributed this correlation to the determination of stomatal aperture by mesophyll capacity to fix C02, with higher plant N content resulting in greater photosynthetic capacity, and resulting in fairly stable [CO2JINT between treatments. Generally lower [CO2J1NT of high N wheat plants in the present study indicates greater photosynthetic capacity of the mesophyll (Fig.  6 ), but also that stomatal control was not sufficient to maintain
[CO2],Nr constant between N treatments. As water becomes less available, differing accounts have been given on N modulation ofstomatal response. In work which agrees with the present study ( Fig. 1) , stomata of plants with relatively high N content have been shown to close initially more tightly than in N-deficient plants in a stress cycle (15, 22) . This response is not explained by the theory that photosynthetic capacity, per se, determines stomatal response. It is also apparently not explained by the occurrence of osmotic adjustment since both treatments exhibited this capability (Fig. 3) , although differences concerning the degree ofadjustment and resulting turgor differences between treatments cannot be ruled out. While the occurrence ofosmotic adjustment may be assessed by monitoring trends in RWC and ,w, as determined by standard psychrometric technique (10), the inherent errors of psychrometric measurements of -w preclude definitive estimates of bulk turgor (2, 3) and, thus, the degree of adjustment. An hypothesis has been advanced that N deficiency results in xeromorphic plants with rigid cell walls and, consequently, sluggish stomata (15, 22) . Although leafanatomy or dry weight distribution were not analyzed, xeromorphism in the low N treatment in the present study could have been an important factor resulting in stomata which were slow to respond to water deficits. Signs of visible wilting were much less noticeable in the low N treatment, and RWC was consistently greater than that observed in high N plants, except at the lowest & (Figs. 1, 3 ).
High RWC of low N plants has been associated with cell wall properties which contribute to xeromorphism (12) . However, despite their xeromorphic character, stomata of low N cotton leaves closed at higher ' compared to high N leaves (12, 13 (Figs. 4, 6) . The (Figs. 2, 4) . Under normal growth conditions, the oxygen response in C3 plants is typically 0.35 to 0.45, and results from the combined effect of02 as a competitive inhibiter (with C02) in the carboxylation reaction ofthe reductive pentose phosphate cycle and the concomitant stimulation of the glycolate pathway (4) . The finding that 02 response was less sensitive to changes in 4p than CER at 2.5% 02 is in agreement with Lawlor (9) who found gross CER to be more sensitive than photorespiration to reduced A. Although reduced sensitivity of CER to 02 has also been attributed to Pi-and RuBP-limited CER, kinetic transients in CER should be observed in such cases when changing 02 concentration (7) . No such transients were observed in this work (data not shown).
A response of N deficiency is a lowered 4, (12, 13, Fig. 1 ), which may be related to the accumulation of soluble carbohydrates in such plants (15, 19, 22) . However, it would appear that continued water stress can also terminate that trend (Fig. 1) . This is not too surprising since a continued raising of wr for osmotic adjustment requires the active accumulation of soluble compounds, and potentially more energy for that active process was available to high N plants through photosynthesis over the course of the study (Fig. 4) . In line with this, other workers observed that while low N plants had higher sap sugar content than high N plants, the former were less capable ofraising the sugar content during water stress (15, 22 (Fig. 5) contribute to the transition in plant tissue from the role as net producer to consumer of carbohydrates (9) .
